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Introduction
Sporotrichosis is a subcutaneous mycosis caused by a complex of Sporothrix species. 1 Molecular studies have identified Sporothrix brasiliensis, Sporothrix globosa, Sporothrix luriei, Sporothrix mexicana, Sporothrix pallida and Sporothrix schenckii, the most common species globally, as responsible to sporotrichosis in different regions. [1] [2] [3] [4] [5] [6] [7] [8] [9] The metropolitan region of Rio de Janeiro is hyperendemic for cat-associated sporotrichosis, 10, 11 primarily due to S. brasiliensis.
1,5
S. brasiliensis patients have presented with acute, chronic, fixed, lymphangitic, mucosal, disseminated and relapsing sporotrichosis, as well as manifestations of hypersensitivity. 10, 12 Disseminated cases in non-immunosuppressed patients have been more common than previously reported for other regions and other species, which likely is associated with the high inoculums into tissue due to the multiple and deep scratches from the infected cats 13 as well as a greater virulence of S. brasiliensis relative to the other Sporothrix species. 14 In addition to inoculum size, candidate factors that facilitate S. brasiliensis' capacity to cause frequent and severe disease are thermotolerance, production of enzymes and other molecules, and resistance to oxidative stress and to antifungals. At present, there is only limited information about the virulence of S. brasiliensis. [14] [15] [16] The aim of this study is to describe the evolution of increased virulence of sequential Sporothrix isolates from a patient with chronic, destructive disseminated sporotrichosis.
Case Report
A 61-year-old retired bricklayer with diabetes and hypertension was referred to the Laboratory of Infectious Dermatology at the Instituto Nacional de Infectologia Evandro Chagas (INI), in Rio de Janeiro, Brazil due to a 6-year history of cutaneous lesions. After his initial diagnosis, he had received 5 months of potassium iodide, which resulted in the healing of his cutaneous lesions. However, he complained of progressive joint pains in the knees and left wrist that worsened to the point that he required a wheelchair 2 years prior to presenting to INI. Six months prior to our evaluation at INI, he noted recurrence of skin lesions.
On our initial exam, the patient had multiple scars on the limbs, an exudative small ulcerated lesion and a cystic lesion on the dorsum of the left wrist (Fig. 1A-B) . There was ankylosis of both knees and the left wrist. Radiographs showed lytic lesions and sclerosis at these joints ( Fig. 1C-D) . Tests for human immunodeficiency virus and human T-lymphotropic virus were negative. The total lymphocyte count was 1,470 /mL and the T CD4
C count was 554 /mL, both normal. The number of na€ ıve T cells was considerably low (24 /mL). Sporothrix spp. was cultured from a skin lesion on the left wrist and antibody testing for sporotrichosis by an enzyme-linked immunosorbent assay method 17 was positive (OD: 2.548 / Cut-Off: 0.605). Due to potential harmful interactions of his regular medications (captopril, hydrochlorothiazide and glibenclamide) with itraconazole, he was treated with terbinafine 500 mg/day for 32 months, until his skin lesions healed and the radiographic patterns stabilized. However, due to the subsequent development of recurrent skin lesions 11 months later, terbinafine was restarted and he currently continues to receive this antifungal due to the recalcitrant, relapsing nature of his disease. He remains wheelchair-bound due to severe, permanent deformities of both knees and the left wrist (confirmed by magnetic resonance). Over the course of his disease, skin samples were collected from the left forearm and the left knee, as well as a biopsy sample from the left femur. 
Results

Molecular identification
T3B PCR fingerprinting of the 5 isolates showed DNA fragments from 300 to 800 bp that allowed a clear identification by similarity with the profile obtained using the S. brasiliensis type strain (Fig. 2) . Moreover, the profiles generated from all of the patient isolates presented 100% similarity.
The Basic Local Alignment Search Tool (BLAST) analysis comparing the b-tub and CHS sequences from isolates in the NCBI GenBank database (AM116954, AM116950, AM116956, AM116946, AM114898, AM117414, AM114889, and AM117417) with the patient isolates identified these isolates as S. brasiliensis with 99-100% similarity. Moreover, comparison and phylogenetic analysis of the partial b-tub and CHS sequences obtained from all the isolates with the reference strains of the Sporothrix complex available in GenBank database presented similarity with S. brasiliensis and showed high bootstrap support values for both genes (Fig. 3A and B) . The partial CHS sequence of isolate 5 had a 2-bp polymorphism (positions 109 A/C and 151 G/C) compared to the first 4 isolates, suggesting a variability of this isolate in the phylogenetic analysis. The sequences obtained for b-tub and CHS-encoding genes were deposited in the GenBank database under the accession numbers from KM222420 to KM222429.
In vitro assays
To characterize their virulence, in vitro assays using J774 macrophages were performed, including phagocytosis, fungal killing and macrophage viability assays. Interestingly, no differences among the isolates were noted (p > 0.05), and similar results were obtained using the S. brasiliensis type strain. The phagocytosis index after 2 h of yeasts-macrophages interaction ranged from 89% for isolate 5 to 95% for isolate 4, and the macrophages were unable to inhibit the S. brasiliensis growth, with a fungal survival rate varying from 96 to 123% after 18 h. Macrophages viability was »90% (range from 89% for isolate 5 to 92% for isolate 3) after this time period, for all conditions.
Galleria mellonella infection model
In vivo assays with Galleria mellonella larvae were performed by challenging larva with 10 7 yeast cells. Enhanced pigmentation of G. mellonella occurred in larvae inoculated with yeasts compared to controls (Fig. 4A) . Survival curves were obtained for 3 separate experiments. All the isolates reduced the survival of the larvae, compared to the controls (P < 0.0001), but this reduction was consistently significantly higher for the larvae injected with the isolate 5 compared to the other groups. Figure 4B shows the survival curve for the combined data of the 3 experiments, in which the median survival for isolate 5 was 7 days compared to 9-11 days for the other isolates (P < 0.0001). The median survival for uninfected controls was 14 days. We also performed experiments with 10 4 and 10 6 yeasts, but at these inoculums, the survival of the larvae was similar to that of uninfected controls (data not shown). There were no significant differences in fungal burden both at days 3 and 6 after G. mellonella infection. The CFUs obtained at day 6 post-infection ranged from 1.4 £ 10 7 for isolate 4 to 8.2 £ 10 7 for isolate 1.
Putative virulence factors
Since we identified a difference in virulence of isolate 5 in G. mellonella compared to the other isolates, we assessed whether factors associated with virulence could explain the cause of this change. Urease production using Christensen's urea broth at 37 C was positive for all 5 isolates, after 4 and 7 days, with no difference in the mean absorbance at 559 nm. The proteinase activity, determined by the measurement of the azoalbumin degradation halo on agar, ranged from 0.6 to 0.76, with a higher activity achieved by isolate 1 (p/z D 0.6). This activity differed significantly from isolates 2 (p D 0.016) and 4 (p D 0.0005). The proportion of DHN-melanin produced by the isolates, obtained by the ratio of dry DHN-melanin / dry mass of yeasts, showed no statistical differences. All the isolates grew at 35 and 37 C, and none grew at 39 C. Moreover, growth curves of the isolates in BHI medium were similar, with no statistical difference among them (P > 0.05; Fig. 5 ). For the exposure to oxygen-derived species, isolate 2 had the highest inhibition of growth at 4 h of exposure, and this was significantly different (P < 0.05) from isolates 3 and 4 ( Fig. 6A) . The differences at other time intervals were not significant. Exposure to reactive nitrogen intermediates reduced the survival of the isolates, but the survival of isolate 5 was consistently higher than the other isolates over the examined times. Nevertheless, these differences were not significant (Fig. 6B) .
Susceptibility testing
The susceptibility to antifungals was similar for all the isolates, with MICs of 0.06 mg/mL for terbinafine, 1.0 mg/mL for itraconazole, 2.0 mg/mL for ketoconazole and amphotericin, and 8.0 mg/mL for voriconazole.
Discussion
Our study focused on the characterization of sequential isolates from this patient given the clinical aggressiveness and therapeutic difficulties he faced with sporotrichosis over an 11 year period, with dissemination to skin and bones. We must note that the lack of prior treatment is unfortunately all too common in certain populations in Brazil, due to poor access to care based on the distance from rural locations to medical clinics, the cost of even inexpensive medications such as potassium iodide, and reluctance to engage the healthcare system. Despite having diabetes and hypertension, the patient had previously been healthy, as demonstrated by his capacity to actively work under the physically stressful conditions as a bricklayer, and tests performed in a search for a possible underlying immunosuppressed condition did not show abnormalities. The reduction of na€ ıve T cells may be related to the constant stimulation of the lymphocytes due to the chronic infection, inducing their differentiation.
Given the chronicity and relapsing nature of the disease in this patient, we considered the possibility that he may have been 1) reinfected with different species or strains or 2) that there was a change in the virulence of the infecting strain over time. However, we confirmed that each isolate was S. brasiliensis. Although not definitive, the finding that the isolates did not have differences in their patterns of bands in the fingerprinting PCR (Fig. 2) suggests that they were the same; however, this does not rule out re-infection with the same strain over time instead of relapses of chronic disease.
The polymorphisms in the encoding gene CHS of isolate 5 suggest an alteration in the chitin synthase gene, which could increase virulence by affecting chitin synthesis and cell wall structure. Chitin is an essential component of the fungal cell wall and septa that is present in all known pathogenic fungi, but not in humans. 18, 19 Virulence determinants include factors required for recognition and invasion of the host and for protection against host defense systems. 20 Since the cell wall is involved in these processes, it protects the fungal cell from external injury, regulates adherence of host cells to components of the cell-wall components [21] [22] [23] and, therefore, mediates immune responses. [24] [25] [26] [27] Therefore, any changes in the cell-wall structure as well as in its composition may affect fungal virulence. To date, chitin has been correlated to virulence in other fungi, as Paracoccidioides brasiliensis, 28 Histoplasma capsulatum 29 and Blastomyces dermatitidis. 30 Chitin deposition may impact melanization, 31, 32 which is another important factor associated with the cell wall and virulence in pathogenic fungi, [33] [34] [35] [36] including Sporothrix. 15, 37 Hence, alterations in chitin can lead to alterations in virulence. Our in vitro macrophage assays did not show virulence difference among the patient's isolates: the macrophages effectively phagocytosed the yeasts, but were unable to kill them once ingested. However, our in vivo assays using G. mellonella larvae resulted in a consistent higher mortality among larvae inoculated with isolate 5, which was obtained after 5 years of follow-up at INI (after a total of 11 years of disease), which strongly suggests a change in the virulence of this isolate. It should be noted that the G. mellonella model has been successfully used in other fungi and bacteria, [38] [39] [40] and this study represents its first use in S. brasiliensis. The G. mellonella model has advantages over rodent systems, such as low cost, ease of storage and handling, and more favorable ethical aspects.
Assays to measure urease and DHN-melanin as well as our assessments of thermotolerance showed no difference among the isolates. Proteinase activity was not uniform, but the higher activity measured for isolate 1 was not consistent in comparison with all the other isolates and it does not seem to have implied in an increase in virulence of this isolate, as evidenced by the virulence assays. The antifungal susceptibilities were similar for all the isolates. Comparing the MICs found in the strains of our patient with the previously published susceptibility profile for Sporothrix spp. from Rio de Janeiro 41 and S. brasiliensis, 42 terbinafine produced the best in vitro efficacy against the isolates, while the azoles and amphotericin B had poor and intermediate MIC results, respectively. It is notable that despite the low MICs for terbinafine, this was the drug used for the treatment of this patient over several years with only moderate success.
Finally, tests to assess the susceptibility to oxidative stress revealed that the isolates were more susceptible to reactive nitrogen intermediates than to oxygen-derived species. Notably, isolate 5 was the most resistant to reactive nitrogen intermediates. The advantage of resisting adverse conditions similar to those found within lysosomes in macrophages could explain the higher virulence of this isolate; however, this cannot be fully concluded by our results. Nevertheless, this finding might in part contribute to the higher virulence of this isolate.
Since the patient was retired since the onset of the disease, away from the environment where he likely acquired the infection, our data suggests that it is reasonable to conclude that he has been chronically infected. Also, the identification of this patient's isolates as S. brasiliensis was somewhat surprising, as we did not elicit any epidemiological link with exposure to cats and the patient lived in a municipality outside of the "belt" of sporotrichosis in Rio de Janeiro.
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Our data supports the conclusion that this patient had the same fungus over an 11-year period. Despite its in vitro susceptibility to terbinafine, the S. brasiliensis strain effectively remained in the patient by evading his immune system responses. Moreover, the G. mellonella studies demonstrate that virulence evolved over the course of disease in this patient. We suspect that there are additional aspects in the parasite-host relationship, not studied here, that contributed to this increased virulence, and further studies are needed to elucidate these factors. We consider this study, in vivo and in vitro, singular, since it demonstrates the evolution of virulence of S. brasiliensis in a host with chronic and disseminated sporotrichosis.
Materials and Methods
Ethics statement
The Research Ethics Committee of the INI/Fiocruz, RJ, Brazil, approved this study under the protocol number 0024.0.009.000-10.
Clinical specimens
Five biological specimens were collected from the lesions of the patient over a 5-year period. The first 3 samples (IPEC32742, IPEC33070 and IPEC33718, hereafter identified as "1," "2" and "3," respectively) were collected by sterile puncture with a fine needle from a cystic lesion on the left wrist between September 2007 and March 2008; the fourth sample (IPEC33946, subsequently referred to as "4") was from a left femur biopsy in April 2008; and the fifth sample (IPEC43174, hereafter identified as "5") was from an ulcerated nodule on the skin overlying the left knee in February 2012. The isolates were stored in cryotubes with 10% skim milk in a ¡20 C freezer.
Sporotrichosis diagnosis
All clinical specimens underwent routine mycological examination, which involved direct microscopy of KOH 10% wet mounts and culture on Sabouraud dextrose agar 2% and Mycobiotic agar (Difco). Cultures were incubated at 25 C and were observed over 4 weeks for fungal growth. Dimorphism was demonstrated by conversion to the yeast-like form on Brain heart infusion (BHI) agar (Difco) at 37 C, for 7 days.
Molecular identification
Genomic DNA (DNA) was extracted from the yeast phase of the isolates by the chloroform/isoamyl alcohol method 5 and used for sequencing of the partial b-tubulin (b-tub) and chitin synthase (CHS) encoding genes 1 , as well as for T3B Polymerase Chain Reaction (PCR) fingerprinting 43 as described. In the T3B PCR fingerprinting, the control strains were S. brasiliensis (CBS120339), S. mexicana (MUM11.02), S. schenckii (ATCC32286) and S. globosa (IPEC27135). In the sequencing analysis, S. brasiliensis (CBS120339), S. globosa (FMR8600), S. mexicana (CBS120341), S. pallida (CBS111110) and S. schenckii (FMR8604) were used as reference strains from the National Center for Biotechnology Information (NCBI) public Genbank.
Macrophage assays
In vitro virulence assays with J774 macrophages were performed to determine the ability of the macrophages to phagocytose and kill S. brasiliensis yeasts, as well as the macrophages viability after this interaction. 44 Macrophages of the J774 lineage were grown in monolayer in culture plates, in a medium containing 10% fetal bovine serum, 10% NCTC-109, 1% non-essential amino acids and 1% penicillin/streptomycin diluted in Dulbecco's Modified Eagle's medium (DMEM), at 37 C, 10% CO 2, and split onto 96-well plates. Yeast cells from the 5 S. brasiliensis isolates, previously opsonized for 30 min by incubation with Guinea pig serum complement (MP Biomedicals), were added to monolayers of the macrophages, in a 5:1 ratio.
In vivo experiments
To assess virulence in vivo, larvae of the lepidoptera Galleria mellonella (Vanderhorst Wholesale, Inc..) were inoculated using 25 mL Hamilton Ò syringes with 10 4 , 10 6 or 10 7 yeasts of one of the 5 S. brasiliensis isolates diluted in 10 mL PBS and the larval survival rate was analyzed. 40 As a control, a group of larvae was inoculated with the reference strain of S. brasiliensis (CBS120339). Negative control groups included uninoculated larvae ("Control") and larvae injected with 10 mL sterile PBS ("PBS"). These experiments were performed in triplicate on different days. Each group was comprised by 20 larvae maintained in 90 mm Petri dishes at 37 C, and the Galleria were assessed daily. The groups were photographed (Canon EOS DIGITAL REBEL) at days 0 (day of inoculation) and 2 (48 h after inoculation). Dead larvae (recognized by absence of active or touch-induced movement and usually dark-colored) were removed from the group and discarded. Survival curves were obtained in order to compare the effect of the isolates on the larvae.
Parallel groups of 10 larvae each under the same conditions were followed for CFU determinations. Three larvae from each group were sacrificed after 3 or 6 days of inoculation. The internal content was macerated and homogenized in 2 mL PBS, and then filtered through 40 mm-cell strainers. An aliquot of 100 mL of this homogenate was plated onto BHI agar with 0.4 g/L cycloheximide and 1% penicillin / streptomycin to prevent contamination, and incubated at 37 C. After five days, the CFUs were determined. Exposure to reactive nitrogen intermediates. The 5 isolates (10 7 yeasts / mL) were in the specific media at 37 C and after each time point samples of 100 mL were plated onto PCA for CFU determinations. Points represent medians of 2 experiments performed in triplicate.
In vitro production of putative virulence factors a. Urease To verify the urease production, 0.5 mL of a suspension equivalent to a 2.0 McFarland scale of yeast cells of each isolate was inoculated in 4.5 mL of Christensen urea broth, 45, 46 and incubated at 37 C. After four and 7 days, the tubes were centrifuged at 1,575 g (Centrifuge 5804R, Eppendorf) and 100 mL of the supernatant were transferred in triplicate to a 96-well polystyrene flat bottomplate (Corning, Tewksbury, USA). Cryptococcus neoformans (ATCC32045) and Candida parapsilosis (ATCC22019) were used as positive and negative controls, respectively. The samples O.D. were obtained using a Biotek spectrophotometer (Epoch model), at a 559 nm wavelength.
b. Proteinase Proteinase activity was measured as described. 47 with the following mixture: 2% agar, 15 mM glucose, 13 mM glycine, 29.4 mM KH 2 PO 4 , 10 mM MgSO 4 , 3 mM thiamine, 0.1% azoalbumin (pH 4.5). For protein agar clearance, yeast cells of each isolate were plated through punctures on this mixture and incubated at 37 C for 21 days. After incubation, plates were inspected for the production of a degradation halo of azoalbumin around the colonies. When proteolytic activity was observed, the diameter of the colony (p) and the diameter of the halo of azoalbumin degradation (z) were measured with a millimeter ruler, and the p/z value was calculated as the ratio between the 2 diameters.
c. Melanin Melanin ghosts were obtained according to the method described by Almeida-Paes et al. 48 The proportion of dihydroxynaphtalene (DHN)-melanin per isolate was then calculated by simple ratio DHN-melanin/yeasts (w/w).
Thermotolerance
Yeasts of each of the 5 isolates were grown at 37 C in BHI broth and, after 3 days, 2 mL of the solution of yeasts were centrifuged, suspended in PBS and 10-fold diluted to obtain 3 different dilutions. Drops of 2.5 mL were inoculated on BHI Agar plates and incubated at 35, 37 or 39 C on a Type 37900 Culture Incubator. After three and 6 days, the plates were verified to determine the presence or absence of colony growth, in a qualitative manner.
Growth curves
S. brasiliensis yeast cells of the 5 isolates were grown in BHI broth (Difco) at 37 C for 3 days. With minor modifications from the described method by Medina et al., 49 a Bioscreen C Microbiological Growth Curves Analysis System (Labsystems, Helsinki, Finland) was used to serially assess turbidity as a measurement of growth. Data were recorded using the software Easy Bioscreen Experiment (EZExperiment) provided by the manufacturer.
Susceptibility to oxidants
Fungal cells (1 £ 10 7 yeasts) of each isolate were harvested after 5 days of growth on BHI agar slants at 37 C, washed 3 times with PBS, and submitted to chemically generated nitric oxide, reactive nitrogen intermediates and oxygen-derived oxidants, as previously described. 15 After 1, 2, 3, and 4 h of incubation at 37 C with the oxidants, the yeasts were plated onto plate count agar (Bio-Rad) to determine viability by CFUs counting. Aliquots of untreated cells were also plated as controls. The survival for each isolate at a timepoint was the ratio of the CFU count at that time / the CFU count for the control, expressed in percentage.
Antifungal susceptibility tests Conidia were used for susceptibility testing according to the Clinical and Laboratory Standards Institute (CLSI) protocol. The susceptibility of the 5 isolates to amphotericin B, ketoconazole, itraconazole, voriconazole and terbinafine was studied using the microdilution method (0.016-8 mg/mL) for filamentous fungi (including S. schenckii) M38-A2, described by the CLSI. 50 The cells were diluted in RPMI 1640 resulting in a final concentration of 2 £ 10 4 to 1 £ 10 5 cells/mL. For amphotericin B, itraconazole and voriconazole, the minimum inhibitory concentration (MIC) endpoint was the lowest concentration that produced complete inhibition of growth. For ketoconazole, the MIC was the lowest concentration producing a 50% reduction in growth, and for terbinafine it was the lowest concentration producing at least 80% of reduction in growth.
Statistical tests
Non-parametric tests (e.g., Kruskal-Wallis test to compare the growth curves and CFUs, Kaplan-Meier estimator for the survival of G. mellonella and Log-rank (Mantel-Cox) test for the comparison of the survival curves) were used in the analyses to compare the 5 isolates and a P-value < 0.05 was considered significant. GraphPad Prism 6 for Windows, GraphPad Software, Inc.., was used for the graphs construction and for the statistics. Microsoft Excel 2010/2013 (Microsoft Corporation, Redmond, Washington, USA) was used for percentage calculations and analyses.
